We have isolated four genomic DNA clones that contain the transcription initiation site of the par A gene(s) from a tobacco genomic library by hybridization with the 5' segment of the parA cDNA previously isolated. They were classified into two types on the basis of their nucleotide sequences. Southern blot analysis indicated that two types of clones were respectively derived from the two parental species of tobacco, Nicotiana tomentosiformis and Nicotiana sylvestris. The genes corresponding to these clones were designated as par At and par As, respectively, and the par A cDNA clone was shown to code for mRNA from parAt on the basis of its nucleotide sequence. The 5' regions about 400 nucleotides upstream from the transcription initiation sites of the parAt and parAs genomic clones were highly homologous to one another, but regions further upstream showed no significant similarity. The coding sequence of the GUS (/3-glucuronidase) reporter gene was linked to the 5'-upstream regions of parAt and par As, and the sites of expression of these fusion genes were examined in transgenic tobacco plants. In the absence of auxins, both fusion genes were expressed in capsules at a late stage of seed development, mature seeds, a root apex and a root-hair zone whereas no significant expression was seen in other organs. Their expression was enhanced by 2,4-dichlorophenoxyacetic acid in most of the organs of tobacco. The results show that expression of these genes is regulated by both organ-specific and auxin-inducible mechanisms.
Introduction
The phytohormones, known collectively as auxins, regulate many physiological processes in higher plants, but the molecular basis of their action is not yet understood. One approach to understanding such a molecular process is to investigate the mechanisms of expression of genes after exposure of plant tissues or cultured cells to an exogenous auxin. cDNAs that represent auxin-induced mRNA sequences have been cloned from various plants, such as soy bean, 1 " 4 pea, 5 tobacco, 6 " 9 Arabidopsis, 10 ' 11 and mung bean. 12 We have also isolated a cDNA clone from tobacco mesophyll protoplasts that were treated with 2,4-D (2,4-dichlorophenoxyacetic acid) and named the gene that corresponds to this cDNA the par (protoplast auxin-regulated) gene;; 6 it was later renamed par A. 13 The level of mRNA transcribed from this gene was markedly enhanced upon addition of 2,4-D to mesCommunicated by Satoshi Tabata * To whom correspondence should be addressed. Tel. +81-52-789-2502, Fax. +81-52-789-296(5 t Present address: Biotechnology Laboratory, Takarazuka Research Center, Sumitomo Chemical Co., Ltd., Takarazuka, Hyogo 665, Japan GenBank accession numbers of parAt and parAs sequences: D90215 and D28510, respectively ophyll protoplasts and the enhancement was detected as early as 30 min after the application of 2,4-D. 13 Thus, this gene can be useful for investigation of the mode of action of auxins.
A number of parA-related genes or cDNAs have been isolated to date from various plant species including tobacco. 8 ' 14 " 18 Some of these genes are shown to be expressed in response to stimuli other than auxins such as cytokinin, 15 heavy metals, 16 ' 17 heat shock, 16 and pathogens. 18 Thus, the parA-related genes are present in many plants and their expression is stimulated by a variety of external signals. Recently, it was reported that there is a low but significant degree of homology between ParA-related proteins and the glutathione 5-transferases (GSTs) of plants, and protein 103, encoded by tobacco parA-related gene NtlO3, was in fact demonstrated to have GST activity in vitro. 19 With five auxin-responsive genes, 14 ' 20 " 23 both tissueand organ-specific expression has been examined using the GUS reporter gene. The results showed that these genes in transgenic tobacco plants were expressed not only in response to an exogenous auxin but without exogenous auxins in specific organs or tissues. Expression of these different genes is probably regulated by different physiological processes in plants. ATGAAAGGAGGACAACTTAGTTTTTT-CTACTAGAAAGAATATTTTGACGAA TTT-C--GTTCACAT -141 *********************** ***rj> *********_******* *****rji**TTAA***A*CG*******C"^ 52
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AGCACTACATATATATTCTC-+26 ********* *A* *C* *TCATAAGCCAACTGATCATTTTATTCATTACTT* * *-********TG*-*** *AA +58 --AAACAAAAAGAATGGAGAGCAACAACGT + 5 4 AC*********-****************** +87 M E S N N V Figure 1 . Nucleotide sequences of the 5'-upstream regions of the parAt and parAs genes. Asterisks in the parAs sequence indicate nucleotides identical to those in the parAt sequence and dashes have been introduced to give maximum alignment. The region of parAt indicated by the underline with an arrowhead represents the nucleotide sequence around the 3' region of the 111-bp direct repeat which is found in the 5'-upstream region of parAt. 32 The amino acid residues around the N-terminus of the predicted proteins are shown below the nucleotide sequences. The putative site of initiation of transcription is indicated by +1 (see text). A TATA box-like sequence is boxed. The site to which the GUS-coding sequence was fused is indicated by an arrowhead. The sequences which are similar to asl 34 are underlined. The nucleotide sequences of further 5'-upstream regions of parAt and parAs were deposited in the GSDB, DDBJ, EMBL and NCBI databases with accession numbers D90215 and D28510, respectively.
In the present paper, we isolated genomic clones that contain the transcription initiation site of the parA gene by hybridization with the 5'-segment of the parA cDNA, analyzed the nucleotide sequences of the regulatory regions of transcription in these clones, and examined expression patterns of the GUS reporter gene that was controlled by their 5' regulatory sequences in transgenic tobacco plants.
Materials and Methods

Strains
Nicotiana tabacum SRI was the recipient in Agrobacterium-mediated transformation and was used for analysis of RNA. Mesophyll protoplasts were isolated from leaves by the two-step procedure described previously. 6 N. tomentosiformis and N. sylvestris were used for genomic Southern analysis. All plants were grown in light (2,000 lux) at 28°C for 16 hr and in darkness at 20°C for 8 hr per day. Escherichia coli JM109 and MC1061 competent cells were prepared as described by Sambrook et al. 24 A. tumefaciens LBA4404 was the host for plant transformation with the binary vector system. 28 
Preparation and analysis of RNA
Total RNA was isolated by the guanidinium thiocyanate method and RNA was purified by chromatography on oligo(dT)-cellulose essentially as described by Sambrook et al. 24 Two milligrams of poly(A) + -RNA were subjected to electrophoresis on a 1% agarose gel and transferred directly in 20xSSC to a Gene Screen Plus filter (Du Pont, USA). The RNA on the filter was allowed to hybridize to a random-primed probe of the parA cDNA. That filter was exposed to X-ray film for 16 hr under an intensifying screen. Relative levels of parA RNA were quantitated with a Bio-imaging Ana- lyzer (BAS2000; Fujix Tokyo, Japan).
Hybridization conditions and DNA sequencing
All hybridizations were performed at 65° C under aqueous conditions in 6xSSC (lxSSC=150 mM sodium chloride, 15 mM sodium citrate) 1% SDS solution. Filters were washed twice (30 min each) at 65°C in 2xSSC, 1% SDS. The tobacco genomic DNA library (kindly provided by Drs. R. Goldberg of UCLA in the USA, and C. Koncz and J. Schell of the Max Planck Institut in Koln, Germany) was screened with a 234-bp 5' fragment of the parA cDNA. 7 Positive, purified phage DNA was isolated, and restriction fragments were subcloned into the pUC18 vector.
The nucleotide sequence of both strands of the genomic clones was determined by the dideoxy chaintermination method 26 using overlapping deletions and synthetic primers.
2-4-Construction of promoter-GUS fusions
A 1.7-kb EcoRl-MaeW fragment (ligated with a Hindlll adapter) of parAt and al.4-kb Xba\-Mae\\ fragment of the parAs gene contained the 5'-upstream promoters plus codons for five amino acids, including the initiation codon (see Fig. 1 ). These fragments, whose Maell ends were first blunt-ended, were introduced into the Hindlll, filledin BarnHI (parAt-GUS), and the Xbal, filled-in BamBX (parAs-GUS), sites of plasmid pBHOl. 27 In these constructs, the par At and par As coding regions for five amino acids and the gene for GUS were connected in frame.
Transformation of tobacco and assays for GUS ac-
tivity Each of the binary vectors was transferred to Agrobacterium by the direct-transfer method. 28 Leaf disc transformation and plant regeneration 29 and GUS assays were performed essentially as described previously. 30 GUS activity was quantified by a fluorogenic assay. Proteins were extracted and incubated in the presence of 1 mM 4-methylumbelliferyl /?-D-glucuronide at 37°C. The enzymatic reaction was stopped the by the addition of Na2CC>3 to a concentration of 0.2 M. Concentrations of proteins in plant extracts were determined with a kit by the dye-binding method in accordance with the manufacturer's instructions (Bio-Rad Laboratories, Richmond, CA, USA).
GUS activity in transgenic tobacco seeds was localized by histochemical staining with X-gluc (5-bromo-4-chloro-3-indolyl-b-D-glucuronide; Clontech, USA). Sections of dry seeds were prepared with a Vibratome (Sherwood, USA) and transferred directly onto glass microscope slides. Regenerated plants were allowed to undergo self-pollination and surface-sterilized seeds were germinated on Murashige and Skoog (MS) 31 medium that contained 100 mg/1 kanamycin. All staining was carried out by incubation in 50 mM NaH 2 PO4 (pH 7.0) that contained 1 mg/ml X-gluc at 37°C overnight.
Auxin treatment
Leaves and stems were isolated from 1-month-old transgenic tobacco plants. Each organ was allowed to stand in incubation buffer (10 mM sodium phosphate, pH 6.0, 2% sucrose) with or without 5 or 50 mM 2,4-dichlorophenoxyacetic acid (2,4-D) in light (2,000 lux) at 28° C for 24 hr. Two-week-old transgenic seedlings were soaked in the same incubation buffer without or with either 5 or 50 mM 2,4-D, IAA (indole-3-acetic acid) or NAA (naphthalene-1-acetic acid) under the same conditions as described for organs. Seedlings were harvested and some were immediately divided into cotyledons, hypocotyls and roots with a razor blade and then extracted for assay of GUS activity as described above.
Results and Discussion
Cloning and structural analysis of the 5'-upstream
regions of the parA genes Four genomic DNA clones that were hybridized with the 5' region of the parA cDNA previously isolated (formerly named par cDNA 6 ) were isolated.from a tobacco genomic library (see Materials and Methods), nucleotide sequences of these clones were determined, and the clones were classified into two types on the basis of nucleotide sequences. Comparison of the 5'-upstream sequences of the two types of clones showed that the regions about 400 nucleotides upstream from the transcription initiation sites were highly homologous to one another (88%), but further upstream regions showed no significant similarity (Fig. 1) . Southern blot analysis was carried out with genomic DNAs from N. tabacum and its parental species, namely, N. tomentosiformis and N. sylvestris. The results showed that type 1 and type 2 clones were respectively derived from N. tomentosiformis and N. sylvestris (data not shown). Since the parA cDNA sequence was identical to that of typel, the cDNA clone was interpreted to represent mRNA sequences transcribed from the tobacco gene that was derived from N. tomentosiformis. We designated the paryl-related genes from N. tomentosiformis and N. sylvestris par At and par As, respectively.
Expression profiles of the paxA-related genes without exogenous auxins Poly(A)
+ -RNA was isolated from various organs of 8-week-old tobacco plants and also from whole seedlings, and Northern blot analysis was carried out using the entire parA cDNA as a probe. As shown in Fig. 2 and mature seeds, a very weak signal with RNA from leaves, and no signal with RNAs from stems and flowers. A strong hybridization signal was also observed in the case of RNA from 7-day-old seedlings ( Fig. 2) . As described below, this strong signal in the seedlings was ascribed to expression in the roots of seedlings.
To obtain further information about control mechanisms of gene expression, we constructed fusion genes in which the 5'-upstream regions of parAt [nucleotides (nt) -1679 to +53: nucleotide positions are relative to the putative transcription initiation site (see Fig. 1 )] and par As (nt -1300 to +86) were linked to the coding sequence of the GUS reporter gene. Then transgenic plants that contained each of these constructs were generated and the GUS activity was assayed in seedlings and in various organs of the Fl progenies of the primary transformants. The average GUS activities detected in seedlings of parAtrGVS and parAs-GXJS transgenic plants (seven independent plants for each gene) were 84000 and 9300, respectively; the level of expression of parAt-GVS in seedlings was 9-fold higher than that of parAs-GUS.
We compared the levels of GUS activity in various organs that carried parAt-GVS with those of radioactivity in bands that hybridized with parA-rel&ted transcripts from the corresponding organs. As shown in Fig. 3 , there was a good correlation between GUS activity and band intensity for the respective organs. Therefore, it appears that the 5'-upstream sequence of the clone used for analysis was sufficient to control the organ-specific expression of the parAt gene. The same expression pattern was obtained with the parAs-GXJS fusion, although the levels of its expression were lower than those of parAt-GXJS (data not shown).
The sites of expression in seeds and seedlings were examined in more detail. Seeds were obtained from seven independent transgenic plants that carried the parAt- To determine the levels of the parA-related transcripts from the tobacco organs indicated, the relative radioactivity of each found in Fig. 2 was quantitated with a Bio-imaging Analyzer. 25 Shaded and hatched bars represent radioactivities and GUS activities, respectively. GUS gene, the seed coat was partially removed with a razor blade, and the seeds were stained with X-Gluc. In mature seeds, weak expression of the trans gene was observed in the whole embryo and the endosperm [ Fig.  4(A) ], a finding which is consistent with the results of Northern blot analysis (Fig. 2) . Examination of the expression in cross-sections of seeds revealed expression throughout the entire embryo and in the endosperm cells around the radicle pole [ Fig. 4(B) ]. In flower buds and capsules during the development of flowers and seeds, expression was induced at a late stage of seed development, although a low level of expression was found in the flower buds before the emergence of petals [ Fig. 4(C) ]. Essentially the same pattern was observed with parAs-GUS (data not shown). These results demonstrate that the par.4-related transcripts are synthesized during seed development and stored in the mature seeds.
Seeds from independently isolated primary transformants that carried both parAt-GUS or parAs-GUS were germinated on agar plates that contained kanamycin. Germinating plants at various stages were stained with X-Gluc. Figure 5 shows the results obtained with typical transgenic plants that carried parAt-G\JS (A-F) or parAs-GVS (G-L). Some expression of parAt-G\JS occurred in the seed coat at the site where the radicle had broken through [ Fig. 5(A) ] and strong expression was observed in the elongating radicle, in particular at its apex (B). At a later stage, GUS was expressed in the roothair zone as well as at the root apex (C-F), although it was rarely detected in hypocotyls and cotyledons. In this particular experiment, even though the meristematic region of the root apex was heavily stained, the intensity of staining in this region was not reproducible (data not shown). Essentially the same patterns of expression were observed with parAs-GUS(G to L).
The results presented above show that, in the absence of exogenous auxins, expression of both the parAt and par As genes is induced at a late stage of seed development and at a very early stage of root elongation in seedlings and that 5'-upstream regions from both parAt and par As confer a similar capacity for organ-specific expression. However, it remains to be elucidated whether the endogenous factor(s) responsible for the expression is an auxin or some other unknown molecule(s). Each organ was isolated from 1-month-old transgenic tobacco plants. * Before indicates GUS activity of each organ before incubation. The experiment was carried out as described in Materials and Methods, nt, Not tested. ND, Not detectable (15) nt nt Two-week-old seedlings of transgenic tobacco were incubated for 24 h with or without auxins, indicates GUS activity of seedlings before incubation. After incubation, GUS activity was measured in the whole seedlings and that in the indicated regions was assayed separately for each region. Numbers in parentheses indicate ratios of GUS activity after treatment with 50 fiM auxin to that obtained without auxin, nt, Not tested.
Response of paxA-related genes to exogenous auxins
GUS activities were assayed. Activity was also measured immediately after isolation of discs. As shown in Table  1 , the addition of 2,4-D resulted in marked increases in GUS activity in the discs from leaves and stems of transgenic plants that carried either fusion gene. These results indicate that expression of both parA genes is markedly enhanced by 2,4-D in leaf and stem tissues of mature tobacco as well as mesophyll protoplasts. It is noteworthy that the expression of parA genes can be induced by mechanical stimulation such as cutting in the absence of 2,4-D.
We next examined induction in each organ of seedlings by 2,4-D with parAt-GUS. In this experiment, we also tested induction in cotyledons by other kinds of auxins. The seedlings of each transgenic plant listed in Table 2 were first incubated with or without 2,4-D, they were dissected into cotyledons, hypocotyls and roots and their GUS activities were assayed. Treatment with 2,4-D increased GUS activity by approximately 10-fold in the cotyledons and the hypocotyl ( Table 2 ). The parAs-GUS fusion gene similarly responded to 2,4-D in transgenic seedlings (data not shown). With cotyledons, it was shown that IAA and NAA (naphtalene-1-acetic acid) were also effective ( Table 2) .
The results presented in Table 1 and Table 2 show that expression of both parAt and parAs genes is markedly enhanced by 2,4-D in most tobacco organs, irrespective of the growth stage of the plant.
It was reported previously that a 111-bp direct repeat, present between nt -490 and -713 in the 5'-upstream region of the par At gene is required for transient and auxinregulated expression in tobacco mesophyll protoplasts present results from the experiments with transgenic seedlings that carried the parAs-G\JS fusion (Table 1) , from which the 111-bp repeat is missing, showed that this repetitive sequence was not necessary for organ-specific or auxin-inducible expression.
Recently, the DNA region containing two sequences, (T/G)GTCCCAT and (C/A)ACATGGN(C/A)(A/G)-TGT(T/C)(T/C)(C/A), has been defined as the auxinresponsive element called AuxRE. 21 Similar sequences, CTTCCCAT and CACATTGGCATGCTT. are seen in the 5' upstream regions of both parAt and parAs (nucleotide positions -67 to -145 for parAt and nt -74 to -156 for par As). It is also interesting to note that the 5' upstream region of both genes contain the binding site sequences for the transcription factor ASF-1 that is shown to respond to auxin treatment 3 ' 1 at nt -51 to -67 ( 
